Introduction
The surface coat of eukaryotic cells consists of extracellular carbohydrate chains of membrane-bound or membrane-associated glycoconjugates (Luft, 1976; Hook et al., 1984) . These cell surface glycoconjugates include the glycolipids, glycoproteins, and the proteoglycans with their glycosaminoglycan groups (Glick and Flowers, 1978) . A common feature of the glycoconjugates is the presence of negatively-charged carbohydrates bound to either protein or lipid molecules. (Edelman, 1984; Dodd and Jessell, 1986; Peinado et al., 1987) . (Flock et al., 1977) , ruthenium red (Slepecky and Chamberlain, 1985; Khan et al., 1990) , alcian blue (Santi and Anderson, 1986; 1987) and tannic acid (Prieto and Merchan, 1986; Khan et al., 1990) .
Lectins, non-immune proteins able to recognize specific carbohydrate structures, have been widely used as biochemical tools to identify and localize specific glycoconjugates in cell membranes (Sharon and Lis, 1982; Iris and Sharon, 1986) . Lectins have previously been used to examine carbohydrates present in the tectorial (Gil-Loyzaga et al., 1985a; Khalkhali-Ellis et al., 1987; Sugiyama et al., 1991; Tachibana et al., 1987a,c) and cupular and otolith membranes (Gil-Loyzaga et al., 1985b; Tachibana et al., 1987b) . They have also been used to study the expression of specific glycoconjugates in the inner ear endorgans during postnatal development (Rueda and Lim, 1988; Lim and Rueda, 1990; Prieto et al., 1990; Endo et al., 1991) . More recently, investigators have used lectins to demonstrate the presence of a number of carbohydrates on the apical surface of hair cells in the cochlea and vestibular endorgans (Gil-Loyzaga and Brownell. 1988; Khan et al., 1991) . They have not, however, attempted to examine regional variations in the glycoconjugate composition of hair cells within individual inner ear endorgans. This is of critical importance in the vestibular endorgans,
where Type I and Type II hair cells with differing hair bundle and cell body morphology are located in close proximity to one another (Lindeman, 1969a; Wersa[l and Bagger-Sjoback, 1974) . Variations in hair bundle morphology are particularly striking in the bullfrog https://ntrs.nasa.gov/search.jsp?R=19950020308 2019-12-07T20:53:31+00:00Z otolithorgans, whereseveral types of TypelI haircells differingin hair bundlemorphology (Lewisand Li, 1975; Baird and Lewis,1986) and physiological response properties (Baird, 1992 (Baird, ,1993a havebeen described.
In ourlaboratory, wearestudying thedevelopment anddifferentiation of haircell typesin thevestibular endorgans. Thesestudieshavebeenhampered by a lackof cell specificmarkersthat couldbe usedto identifysubpopulations of vestibular hairceils. Separationmethods usedto datehaveuseddifferences in cell bodyandhairbundlemorphology. It wouldbe highly desirable to separate andcharacterize subpopulations of haircellson the basisof their biochemical phenotype.Wewerealsointerested in determining whether enzymatically dissociated hair cellsmaintained their abilitytobindspecific lectinsand, if so,whether differences in lectinbindingpatterns couldbeusedto infer theepithelial originof isolated vestibular haircells. As recent patch-clamp studies havefound, it isdifficultto infertheepithelial originof a haircellonceit hasbeen isolated fromthe sensory epithelium. Thisproblemis compounded in highervertebrates, whereTypeI hair cells (CorreiaandLang,1989; Valatet al.,1989 ; Renhie andAshmore, 1991)do not retaintheir cellular morphology afterenzymatic dissociation.
In the presentstudy,we usedbiotinylated lectin probes to identifyandcharacterize thesurfaceglycoconjugates of hair cellsin the vestibular endorgans. Theprimaryaimof thesestudies wasto determine if haircellsin different epithelial regions couldbedistinguished by their surfaceglycoconjugates. Ourresults demonstrate that vestibular hair cellsin central and peripheral epithelial regions differin theirlectinbinding patterns. Thesedifferences are preserved after enzymatic dissociation, demonstrating thattheycanbe usedto separate TypeI andTypeII haircellsandto infer the epithelialoriginof isolatedvestibular hair cells.
Preliminary accounts of portionsof this datahave beenpresented in abstract form (Bairdet al.,1991) . Fig.3 andFig.4.CONA andRCA-I,as in thesacculus, strongly labeled the hairbundles of all hair cells,regardless of their macularlocation (Figs. 3a, b; 4a, b) . By contrast, WGA (Figs. 3c;4c ) and, to a lesser extent, VVA (Fig. 4d) , labeled the hair bundles of extrastriolar, but not striolar, hair cells. As in the sacculus, CON A strongly labeled the apical surface as well as the hair bundles of hair cells (Fig. 4b) . A similar, weaker, response was seen for RCA-I and VVA (Figs. 4a,d) . GS-II and UEA, as in the sacculus, weakly labeled the apical surfaces but not the hair bundles of hair cells. Basal staining was not observed 155 with any lectin except for VVA and, with this lectin, was most pronounced in the striolar region ( Figs. 4a-d ).
Methods

Removal
The regional pattern of lecti.n binding associated with WGA was not correlated with differences in hair bundle morphology. Type B hair cells, for example, although found throughout the utricular macula ( Fig.   1 ), were labeled only in the extrastriolar region (Fig.  4c ). Furthermore, striolar hair cells with differing hair bundle morphology did not exhibit different lectin binding patterns (Fig. 3c,4c ).
Semicircular canals
The semicircular canals in the bullfrog consist of a central isthmus and one (horizontal canal) or two (vertical canals) planar extensions (Fig. 1) Fig. 5 , were similar to those in the utricufar macula. RCA-I and CON A, as in the utriculus, labeled the hair bundles of all hair cells, regardless of their epithelial location (Fig. 5a ). By contrast, WGA labeled the hair bundles of hair cells in the planar extensions but not the central isthmus (Fig. 5b) . 6 ).
Mammalian c,estibular endorgans
Isolated cestibtdar hair cells
Lectins were also applied to hair cells isolated from the bullfrog otolith organs and semicircular canals.
Basal staining of isolated hair cells (Fig. 7 ) was more pronounced than in sectioned material (Figs. 4, 5) . Regional differences in apical staining patterns, however, were preserved in isolated hair cells. CON A and RCA-I, for example, uniformly labeled the hair bundles of all utricular hair cells (Fig. 7, top) . WGA, on the other hand, labeled the hair bundles of Type B hair cells isolated from the medial extrastriola (Fig. 7 , bottom left) without labeling the hair bundles of hair cells isolated from the utricular striola (Fig. 7, bottom right) . Similarly, WGA labeled hair cells isolated from the planar extensions but not the central isthmus of the semicircular canals (not shown).
Discussion
Our results indicate that a number of carbohydrate residues exist on the apical surfaces of hair cells and In particular, the intense staining produced by CON A is consistent with the presence of a high concentration of mannose and glucose residues on hair cells and supporting cells (Goldstein and Hayes, 1978; Debray et al., 1981) . The lesser staining seen with GNA, a lectin with a specific affinity for mannose residues (Goldstein and Poretz, 1986) , suggests that CON A staining was due to both glucose and mannose residues. Similarly, the heavy staining produced by RCA-I indicates an abundance of galactose residues on these ceils (Hennigar et al., 1978; Baenzinger and Fiete, 1979) . The relatively lighter staining seen in endorgans treated with WGA suggests a lower concentration of N-acetylglucosamine (GIcNAc) or sialic acid (Peters et al., 1979; Monsigny et al., 1980; Debray et al., 1981) . The increase in staining to WGA seen in endorgans pre-treated with neuraminidase suggests that much of this staining was due to contiguous GIcNAc masked by sialic acid residues. This interpretation is supported by the poor staining seen with GS-II, a lectin which does not possess an extended binding site and recognizes only terminal GIcNAc residues (Ebisu et al., 1978; Goldstein et al., 1981) . The staining density of VVA was even lower than that of WGA, suggesting that N-acetylgalactosarnine (GalNAc) residues are relatively rare in the vestibular endorgans (Toilefsen and Kornfeld, 1983; Goldstein and Poretz, 1987) . Other lectins, such as UEA-I, bound only weakly to hair cells, indicating a lack of fucos¢ residues (Allen et al., 1977; Periera et al., 1978; Sugii et al., 1982) .
Cell surface glycoconjugates include the glycolipids, glycoproteins, and the proteoglycans with their glycosaminoglycan groups (Glick and Flowers, 1978 O-linked chains generally do not contain the mannose residues on which the lectin affinity depends (Loomis et al., 1987) . The intense staining to RCA-I further suggests that these N-linked glycoproteins may be of the high N-acetyllactosamine (GalNAcbl,4GIcNAc) subtype (Kornfeld and Kornfeld, 1985) . The weaker binding produced by WGA is consistent with this interpretation since this lectin does not bind strongly to lactosamine oligosaccharides (Debray et al., 1981) . The presence of WA staining, however, demonstrates that O-linked glycoproteins are also.present.
This lectin does not detect N-linked chains, since these glycoconjugates lack GalNAc (Tollefsen.et al., 1983; Kornfeld and Kornfeld, 1985) .
With the exception of the bullfrog sacculus (see below), our results are largely in agreement with the results of previous lectin binding studies in fish (Khan et at., 1991), rats (Gil-Loygaza et al., 1985b) , and guinea pigs (Tachibana et al., 1987b; Takumida et al., 1989b ), suggesting that the glycocalyx of vestibular hair cells is strongly conserved in the lower and higher vertebrates.
Similar results have also been obtained in inner hair cells (Gil-Loygaza et al., 1985a; Gil-Loygaza and Brownell, 1988; Khalkhali-Ellis et al., 1987; Tachibana et al., 1987a,c; kim and Rueda, 1990; Prieto et at., 1990 ), suggesting that the glycocalyx of auditory and vestibular hair cells is not dissimilar. These stud- In the bullfrog, for example, gentamicin is known to damage saccular hair cells more than utricular hair cells (Baird et al., 1993) . Moreover, these antibiotics have been shown to selectively affect hair cells in central epithelial regions (Lindeman, 1969b; Yan et al., 1992; Baird et al., 1993) . This pattern of selective sensitivity is correlated with the lectin binding pattern of WGA to utricular and semicircular canal hair cells.
te_I It is also possible that glycoconjugates play a role in inner ear development.
In other systems, glycoconjugates are known to play important roles in cell recognition and adhesion, serving as recognition markers for specific subsets of sensory cells (Edelman, 1984; Dodd and Jessell, 1986; Peinado et al', 1987) . In the inner ear, glycoconjugates are synthesized in different cells at different developmental times (Rueda and Lim, 1988; Lim and Rueda, 1990; Prieto et al., 1990) . In a recent study, Endo et al. (1991) 
